The genomic structures of spirochete species are not well characterized, and genetic studies on these organisms have been hampered by lack of a genetic exchange mechanism in these bacteria. In view of these observations, pulsed-field gel electrophoresis was used to examine the genomes of Leptospira species. Live cells, prepared in agarose plugs, were lysed in situ, and the DNA was analyzed under different electrophoretic conditions. Pulsed-field gel electrophoresis of DNA digested with infrequently cutting restriction enzymes showed that the genome of Leptospira interrogans serovar canicola is approximately 3.1 Mb, while that of the saprophytic L. biflexa serovar patoc I is 3.5 Mb. DNA forms of approximately 2,000 and 350 kb which were present in samples from L. interrogans serovars were not readily detected in nonpathogenic serovars. Three distinct populations, designated type a, ,, and y, of L. interrogans DNA molecules were further analyzed with two-dimensional gel electrophoresis. Evidence suggested that two of these DNA forms, type a and fy, were linear structures. Pulsed-field gel electrophoresis has proven to be a valuable tool with which to size bacterial genomes and to take the first steps toward characterization of a form of leptospiral DNA which behaves as a linear molecule and which may be related to the virulence of L. interrogans.
Leptospirosis, caused by Leptospira interrogans, is an infection of domestic and wild animals. Humans can become infected via contact with contaminated water or infected animals (12, 13, 15) . In spite of the worldwide distribution of leptospirosis and its significant economic impact (29) , little is known about the pathogenesis of the disease or the molecular biology of these bacteria. The spirochetes, of which Leptospira species are members, occupy among eubacteria a unique position, exemplified by their unusual architecture and distinctive rRNA sequences (5, 10, 19) . There is no known mechanism for genetic transfer among these bacteria. This lack has significantly hampered genetic studies and, therefore, our understanding of spirochete molecular biology.
Recently, however, several groups have utilized pulsedfield gel electrophoresis (PFGE) to conduct molecular analyses of various bacterial genomes (3, 7, 8, 16, 21, 25, 26, 28) . This technique can be used to separate large DNA molecules or fragments up to approximately 10 Mbp in size (6, 24, 31) . Restriction digestion by rarely cutting restriction endonucleases coupled with PFGE has allowed the characterization of whole bacterial genomes (18) . This approach has been utilized to successfully construct physical maps of bacterial genomes (24, 25, 28) and has made possible the accurate calculation of chromosome size in a variety of organisms (7, 8, 16, 21) .
In particular, Ferdows and Barbour (7) and Baril et al. ( 3) have recently employed PFGE to determine the size and physical configuration of the chromosome of another pathogenic spirochete, Borrelia burgdorferi. These studies indicated that B. burgdorferi possesses a chromosome with an estimated size of 950 kb, which behaves in PFGE as a linear molecule (3, 7) . In this paper, we describe experiments performed to characterize the size and structure of the L. interrogans serovar canicola and L. biflexa serovar Samples of L. interrogans serovar canicola and L. biflexa serovar patoc I were also examined by using transversealternating-field electrophoresis (9) . The results of this experiment gave rise to a migration pattern identical to that observed by using CHEF electrophoresis (data not shown).
In order to confirm that the bands observed under these conditions were in fact composed of DNA and were free of contaminating RNA, plugs were treated with RNase A or DNase I. Bands visualized in the CHEF gel with ethidium bromide were not significantly affected by treatment of the plugs with RNase A but were digested when treated with DNase 1 (Fig. 2) . Ethidium-staining material remaining in the wells was also digested by DNase Structure of leptospiral DNA. Because both linear molecules and circular plasmids have been described in Borrelia species (2, 7), determination of the structure of the bands present in leptospiral DNA preparations was of interest. To establish whether the bands resulted from random shearing of the chromosome or compression of an unresolved population of DNA species, DNA plugs were subjected to CHEF electrophoresis (pulse time of 30 s for 14 h followed by a pulse time of 45 s for 7 h). Then, following staining of the gel with ethidium bromide and treatment with UV light, constant-field-strength electrophoresis (100 V for 1.5 h) was performed (Fig. 5) . The parameters used in this gel were not sufficient to resolve the leptospiral a and 13 doublet well, and the high-molecular-weight leptospiral and borrelial molecules appeared to be the same size (approximately 1,000 kb). Upon expanding these parameters (pulse time of 90 s for 17 h followed by pulse time of 135 s for 9 h), it was apparent that this area had been compressed by using the initial pulse parameters, since under optimal conditions the megabasesized borrelial molecule migrated at a lower molecular weight than the leptospiral doublet. If any DNA band represented a compression of heterogeneous fragments, high-voltage constant-field electrophoresis following ethidium bromide staining of the gel would bring about the separation of such fragments. The leptospire bands did not change in appearance following the constant field run, indicating that these bands probably represent a homogeneous population of molecules (Fig. 5) rectly beneath the 3 band (data not shown). Changes in mobility and the generation of additional bands under these conditions are characteristic of nonlinear molecules (4). Two-dimensional electrophoresis was performed in order to further investigate the structure of the Leptospira DNA molecules. It has been shown that the migration of supercoiled or open circular molecules is retarded in the second dimension (constant-field strength electrophoresis) relative to linear molecules, which will continue to move more freely through the gel (4, 7). All bands were displaced approximately one lane's width to the right, except for the type ,B leptospiral DNA and the 28-kb supercoiled B. burgdorferi HB 19 plasmid (Fig. 6 ). These two DNA forms were significantly retarded in their second dimension migration. 587 ± 6 535 ± 7 a Values represent fragment sizes (kilobases) obtained from L. interrogans and L. biflexa genomic DNA plug samples digested with the restriction endonucleases Notl, SmaI, and ApaI. Fragments sizes are expressed as the average of three separate digestions ± the standard deviation. Estimated genome sizes (kilobases) for L. interrogans and L. biflexa were determined by the sum of fragments generated from each restriction enzyme as follows: 3,121 ± 67 (L. interrogans; Notl); 3,516 ± 71, (L. biflexa; NotI); 3,146 ± 70 (L. interrogans; Smal); 3,519 ± 111 (L. biflexa; SmaI); 3,058 ± 106 (L. interrogans; Apal); and 3,534 ± 88 (L. biflexa; ApaI). these conditions. Thus, for leptospiral DNA species which might be compressed at the top of the gel during standard runs (90-s pulse for 17 h followed by a pulse of 135 s for 9 h), greater resolution would be expected. In addition, another comparison of the migration of native leptospiral molecules relative to larger linear standards could be made by this method. The results (Fig. 4) showed that under these conditions, as well as with our standard parameters, differences in migration between L. interrogans and L. biflexa DNA forms do exist. The major population of L. biflexa DNA migrated at approximately 3.5 Mb, which was consistent with the size estimates obtained from restriction analysis.
Three major DNA bands, designated a, I, and fy, were observed in L. interrogans serovars. Type a and a composed a doublet with an apparent molecular size of about 2,000 kb, while type y migrated at approximately 350 kb. In contrast, only one major band was observed in L. biflexa samples. The apparent size of this band was approximately 2,500 kb. The results of transverse-alternating-field electrophoresis experiments also confirmed the presence of these forms and their apparent sizes with respect to linear standards. Two-dimensional electrophoresis was performed in order to further investigate the possibility that some leptospiral bands were of linear configuration. It has been shown that linear molecules will continue to move through the gel in the second dimension (constant field strength), while migration of supercoiled or circular molecules is retarded (4, 7) . Only the supercoiled B. burgdorferi HB 19 plasmid and the leptospiral type 1B DNA were retarded in the second dimension (Fig. 6 ). These data, along with the data from the ethidium bromide-UV migration studies (Fig. 5) (17, 20) , protozoan (22) , and bacterial (7, 11) species. In particular, Ferdows and Barbour (7) suggested that the megabase-sized linear molecule and several smaller linear plasmids observed in B. burgdorferi might represent minichromosomes, and Hayes et al. (11) proposed a segmented genome for Borrelia duttonii. The molecules observed in Leptospira samples may be a further example of this type of genomic diversity.
It is also possible that the lower bands arise from specific excision events dependent on particular sequences found in the Leptospira chromosome or that all three bands are extrachromosomal, since it appears that the type a and y bands behave as linear molecules while the type p DNA of the doublet does not. The possibility that all three populations of molecules arise from a circular chromosome which has been sheared by the electrophoretic manipulations has been considered. Therefore, the material which remains in the well during PFGE runs may represent intact chromosomal molecules. This hypothesis, however, seems unlikely in view of the fact that (i) these bands are consistently found in multiple L. interrogans serovars, (ii) the migration of these bands has remained constant despite a large variation in pulse parameters, and (iii) the p-type DNA behaves as a nonlinear molecule. We do not understand the relationship of these DNA bands to each other or to the chromosomes of the leptospires examined. Further experiments will be needed to understand these relationships.
Because (30) . Large linear plasmids carrying genes for antibiotic synthesis have been observed in several Streptomyces species (14, 22) . These plasmids, ranging in size from 300 to 500 kb, were not isolated until the advent of PFGE technology (14) . These giant linear plasmids (22) have also been referred to as minichromosomes because of their size and potential for genetic expression and diversity. The type y DNA observed in L. interrogans species may be a representation of this class of molecule. On the basis of findings for other pathogenic bacteria, it is possible that virulence-related genes are carried on plasmids in leptospires as well. Further investigations are necessary to elucidate the exact nature of these three distinct DNA forms. Because we do not fully understand the origin of these bands or their relationships to each other, hybridization studies are under way to address these questions. More extensive studies are being directed at determining whether type -y DNA may represent a linear plasmid which plays a role in the virulence of L. interrogans.
